Coastal upwelling systems account for about half of global ocean primary production and contribute disproportionately to biologically-driven carbon sequestration. Diatoms, silica-precipitating microalgae, constitute the dominant phytoplankton in these productive regions, and their abundance and assemblage composition in the sedimentary record is considered one of the best proxies for paleoproductivity. The study of the sedimentary diatom abundance (SDA) and total organic carbon content (TOC) in the five most important coastal upwelling systems of the modern ocean (Iberia-Canary, Benguela, Peru-Humboldt, California and Somalia-Oman) reveals a global scale positive relationship between diatom productivity and organic carbon burial.
INTRODUCTION
Coastal upwelling zones exist along the eastern boundary currents of the Atlantic and Pacific Oceans. In these areas, alongshore equatorward winds and the Coriolis effect force surface waters to diverge offshore, giving rise to the upwelling of nutrient-rich deep waters into the surface. The five most important coastal upwelling systems of the modern ocean are associated to: (1) the Canary Current off northwest Africa including its extension to the Iberian Peninsula (Iberia-Canary); (2) the Benguela current along southwest Africa; (3) the Peru-Humboldt current off western south America (SE Pacific); (4) the California Current off western N America (NE Pacific) and the Somalia-Oman monsoon derived upwelling off the Arabian Peninsula (1, 2) . At present, 80 to 90% of oceanic primary production, which represents 50% of Earth's primary production, occurs in the ±1% of the ocean characterized by coastal upwelling (2, 3) .
The potential role of coastal upwelling systems on carbon uptake and export turns their dominant phytoplankton, the diatoms, into main players of marine planktonic food webs and the carbon cycle (3) . Diatoms require dissolved silica [as orthosilicic acid, H 4 SiO 4 ], which they precipitate from seawater, to form their silica (amorphous hydrated Si) frustules (4) making coastal upwelling areas also a major Si sink (5) .
The prolific diatom-dominated blooms that respond to episodic inputs of nutrients are dominated by chain-forming marine species of the genus Chaetoceros Ehrenberg (6) .
Their great capacity for C export to the sediments has been shown by the observation that maximum fluxes of Chaetoceros coincide with intervals of increased nutrient availability in most coastal upwelling regions (California (7); Humboldt (8); IberiaCanary (9, 10, 11, 12) ; Benguela (13, 14) ; Somalia-Oman (15, 16) . Although only a minor percentage (1-4%) of the initial diatom population gets preserved in the sediments (e.g. (12, 17, 18) , the positive relationship between abundance of diatom frustules and content of organic carbon in sediments beneath major upwelling systems ((Iberia-Canary system (19, 20) ; the Benguela System (21); the Peru-Humboldt system (22) , the N California system (23) suggets that estimates of sedimentary diatom abundance (#valves/g) (SDA) represent a good marker for C export production at coastal upwelling regions. In support of this relationship, time series of organic carbon content and diatom abundance from Atlantic coastal upwelling sites indicate concomitant variations of the two productivity proxies (e.g. 24, 25). Conversely, other sequences from the NW and SW African margins show contradictory results (e.g. 26, 27,28). A time series located off Oregon (29) also shows disagreement between carbon and diatom-based estimates of primary productivity. In this record, high abundances of small diatoms, which dominate highly productive ecosystems, co-occur with low concentrations of total organic carbon (TOC) in the sediments while higher carbon burial rates seem to be associated with the accumulation of large diatoms typical of unproductive environments.
That the physical and chemical processes as well as the biological response in coastal upwelling have a non-linear and complex relation has long been recognized (30).
Furthermore, intra-and inter-regional variability is known to be extensive across space 
MATERIALS AND METHODS
The used data set comprises 703 sediment samples recovered from the five most important coastal upwelling areas of the modern ocean, by different institutions and sampling processes (box-, multi-and in some cases piston-coring devices since the 70's). For the analysis, the topmost sediment (0-1 or -2 cm) was used ( Figure 1 ; Supplementary Information (SI Table 1 ). Calibration between the diatom data produced by different researchers followed the process described by (31), and counting principles followed (32) . Obtained values are given as number of valves / g of dry-sediment (#valves/g) and show a 4 orders of magnitude variability, between 10 5 and 10 9 .
Considering that cell growth is exponential, and to avoid the effect of extreme values and preserve minor variability within each order of magnitude, the data is plotted as its natural log (ln).
Organic Carbon content (TOC -%w) for the Galiza, Portuguese Margin, NW Africa -Canary, SE and NE Pacific was measured following the methodology in use at the IPMA sedimentology and micropalentology labortory. Three replicates of 2 mg subsamples of each dried and homogenized sediment sample are measured, before and after combustion, on a CHNS-932 LECO elemental analyzer. The relative precision of repeated measurements of both samples and standards was 0.03 w%.
Upwelling indices were determined accordingly to the National Oceanic and Atmospheric Administration (NOAA) procedure (33)
http://las.pfeg.noaa.gov/las/doc/global_upwell.html. Geostrophic winds were calculated from the FNMOC 6-hourly pressure analysis (1º grid). Wind stress and Ekman transport were then calculated from these geostrophic winds. Finally, the Ekman transport is rotated to get the offshore component, provided that the orientation of the coast is known, and a monthly upwelling index was obtained for each site location from 1969 to 2013.
Net Primary Production (NPP) data was provided by the Oregon State University
Ocean Productivity Center (http://www.science.oregonstate.edu/ocean.productivity/) as mean annual and seasonal values for the available 10-year dataset (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) . NPP is determined by, the Vertically Generalized Production Model (VGPM) and is a function of chlorophyll, available light, and the photosynthetic efficiency (34).
The World Ocean Atlas 2013 (WOA13) is the source for in situ measured phosphate, silicate, and nitrate in µM at standard depth levels and for annual, seasonal, and monthly compositing periods (35). Surface values correspond to the 10 m water depth and bottom data comprises the closest available value for each sample site water depth.
To address the long-term global relation between SDA and all the environmental variables, escaping the temporal variability (seasonal and annual) within and between regions, we used the annual mean value estimated from the number of years of available data. Regressions between SDA and each variable annual mean were calculated and the corresponding plot generated for the entire dataset as well as for the sites confined to the main upwelling zone of each system. The latitudinal boundaries for each main upwelling area were set to include seasonal upwelling regions and followed (36).
RESULTS AND DISCUSSION
a) Sedimentary Organic Carbon (TOC) and Diatom Abundance (SDA)
Our dataset allows to evaluate the relationship between SDA and TOC per geographic region and globally (200 sites; Table 1 and Figure 2 ). No relation exists for the Canary upwelling System (Galiza to Canaries), the Benguela and the Peru-Humboldt systems, but a positive and significant relationship was found for the California system (NW Pacific) (R 2 = 0.98, p=0.01, n=5). When the entire existing dataset is considered, a significant positive relation is obtained (R 2 = 0.40, p=0.01, n=200). These results suggest that small-scale regional conditions are likely to determine different SDA and TOC accumulation loci (e.g. 37). Diatoms give a detailed picture of the centers of maximum annual primary production generated during the upwelling season (38, 39).
TOC is indicative of the mean annual production independently of the generating process. On a global scale, the covariance between SDA and TOC is likely to reflect the higher annual contribution of diatoms to total carbon export in the high-Si coastal upwelling systems.
When dealing with sediment components, however, one has to verify to which extent can sedimentary processes alter the sediment record. Both diatom and organic carbon burial success depend on the (1) sealing effect provided by the rate of contribution of other particles to the bulk sediment, that is, sediment accumulation rate (MAR) and (2) early diagenetic processes on the seafloor (40):
(1) Sealing effect: MAR is a rate that can only be calculated if knowing the age of the sediments and it is subject to errors that can be caused by faulty age models, or yet processes like sediment focusing by bottom currents. Such problems can only be circumvented through the combined use of MAR estimation from excess 230 Th determinations (41). For our sites, little or no 230 Th data is available, and dated cores are scarce and punctual, reducing the original data set to the 28 sites (SI Table 3 ). We used these data to investigate the possible influence of MAR variability on diatom accumulation rate (DAR) according to:
Where MAR (g cm -2 ky -1 ) is calculated multiplying the sedimentation rate (SR, cm/yr) * by the sediment dry bulk density (g/cm 3 )
Sediment dry bulk density is also not available for the majority of the dated cores, but one can consider its variability between 0.7 and 2 g/cm 3 (authors laboratory data for thousands of samples). SR was determined on the basis of the two topmost published radiocarbon dates for each site (SI Table 3 ). Both DAR and MAR were estimated using the minimum, mean and maximum dry bulk density (SI Figure 1A, No relation between SDA and concentration of silicic acid in deep waters was found at the regional level (SI Figure 2) . Throughout the world ocean, the pathway of thermohaline deep water circulation generates inter-basin differences in the concentration of silicic acid, which increases as deep waters flow from the Atlantic Ocean to the Southern and Pacific basins (45). To investigate the possible effect of upwelling strength on the sediment diatom abundance, we used a 47yr annual mean of the upwelling index for each sample site.
The method of (33) can generate errors for sites located within 1 degree off the coast or close to the equator. That is, the inner-shore areas, which constitute the most influenced by the coastal upwelling process, and represent a large number of our sites (519 in total -SI Figure 3 ). An alternative approach would be the use of local wind datasets, but problems arise from the fact that different areas have dissimilar data sets both in terms of time length as in the index calculation approach. As such, we decided to use the NOAA dataset after exclusion of the very large values. The results (SI Figure   4 ; Table 1 ) reveal that independently of using all the sites or just the main upwelling areas, the only significant relationship is for the Southern Hemispheric systems (Benguela and Humboldt - Table 1 ). As a whole, the physics although essential, does not appear as the primary factor determining diatom bloom size and its sediment record.
c) Primary production and SDA On the global scale, the restricted coastal upwelling areas are always highly associated to the spatial distribution of primary production, independently of the methodological approach (51, 52). There is also evidence for a good relationship between primary production and sediment diatom abundance, at the regional level (e.g.
Figs 1E and 8 in (31) and 6 in (53). The relationship between the sediment diatom abundance data and NPP at each of this study sites is presented in figure 4A . Although the general positive relation between SDA and NPP, a significant correlation is only found for the area of the Canary system with perennial upwelling conditions (Table 1) .
However, a close inspection of figure 4A reveals that if data from different geographic locations is incorporated, three possible different correlation lines could be defined, reflecting a combination of intra-regional differences and inter-regional similarities in the Table 1 ).
The relationship was also significant for the Benguela system (0.41 at p=0.1 and n=32) when only the main upwelling areas are considered (Table 1 ; Figure 4 ). These results led us to explore the possible link between SDA and [Si(OH) 4 -] in the surface waters using a theoretical framework focused on cell physiology. Our strategy assumes that the observed SDA reflects surface ocean diatom productivity and export fluxes. The concentration of silicic acid in the upwelled waters can potentially increase SDA in two ways: 1) increasing diatom productivity (and hence diatom numerical abundance) and 2) increasing the thickness and sinking rate of diatom frustules. Our model considers that the physiological response of marine diatoms to surface waters silicic acid availability represents a long-term (tens to hundreds of years) control on coastal upwelling SDA. It has been shown that diatom productivity increases with increasing silicic acid concentrations in broad regions of the ocean (60). Thus, we speculate that silicic acid concentration sets an upper limit to diatom growth rate, which is imposed by the physiological capacity of individual cells to take up and use silicic acid.
The dynamics of silicic acid uptake by diatoms has been a matter of continuous debate (61, 62), but it is traditionally parameterized by a Michaelis-Menten model, defined by two parameters, the maximum uptake rate and the half saturation constant (i.e. the concentration of nutrient at which the population reaches half of the maximum uptake rate); (63). We applied the mathematical expression used to model nutrient uptake kinetics to our SDA data at the regional, oceanic, hemispheric and global scale:
where V MAX is considered to be the maximum diatom abundance value ( 
LIST OF TABLES AND FIGURES

Supplementary Information
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